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AN EXPERIMENTAL INVESTIGATION OF THE AERODYNA'IC CHARACTERISTICS
OF SLENDER HYPERSONIC VEHICLES AT HIGH ALES OF ATTACK

IN
Prepared by:

J "Robert H. Feldhuhn
Lionel Pasiuk

ABSTRAC¶I: An experimental investigation of the aerodynamic character-
istics df flows around highly inclined axisymmetric configurations
has been conducted in the Hypersonic Tunnel at the U. S. Naval
Ordnance Laboratory, White Oak, at a nominal Mach number of 6 and
at nominal free stream Reynolds numbers per foot of 2.4 x 106 and
21 x 106. Static longitudinal force coefficients, surface pressure

Sdistributions, and heat transfer distributions were measured with a
slightly blunted slender cone (Rn/Rb - 0.025, 8c - 50) at angles of
attack as large as 54 degrees. The static longitudinal force
coeificients of a slightly blunted 2/3 power law body of revolution
(Rn/Rb - 0.025, fineness ratio,- 5.61), and two ducted cones were
also measured. Additional inf6rmation concerning the separated flow
field on the leeward side of tbe inclined cone was determined from
schlieren photographs, surfaceloil flow patterns, and Pitot tube
surveys which were conducted in the most leeward meridian plane.

-The pressure distributions on the windward side of the cone and
Sthe normal force coefficients of the simple bodies of revolution were

adequately predicted by Newtonian theory. Flow separation, as
determined from surface oil fl6w patterns, was found to occur in a
fegion on the cone where an adverse pressure gradient exists in the
ýircu~ferential direction. Fu thermore, a region of attached flow
iwas found to exist near the pline of symmetry on the leeward sideJ f th# cone at angles of attack below approximately 25 degrees. The
pressure distributions along tbe leeward meridian generator of an
incli~ed;cone were found to bedependent upon the Reynolds number.

The addition of a duct abOu t the cone was found to substantially
increase the lift to drag rati, at this Mach number.
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AN EXPERIMENTAL INVESTIGATION OF THE AERODYtNANIC CHARACTERISTICS
Of SLENDER HYPERSONIC VEHIC¶LES AT HIGH ANGLES OF PTTACK

This report presents the results ot the first phase of an experinental
investigation of fluid dynamic phenomena associated with Incliam I
"axisymawtric configurations at hypersonic velocities. ?ressure,b eat transfer, force, flow field surveyz ;,"" flow visualization
measurements are presented for an inclined slightly blunted 5* half

angle cone at a Mach number of S. Force measurements were alto
obtained for a slghtly blunted 2/3 power law body and two ducted-
cone conflgura'tions.

The work described in this report has been sponsored by the Advanced
Research Projects Agency under ARPA order number 905, Program Code
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I

INTRODUCTION

Sler er adisymmetric shapes possess several favorable features

which make themn prime candidates for high acceleration hypersonic

flight. Speciftically, axisymmetric conical shapes and slender power

law, shapas are ,of interest because these configurations are nearly

opiimum f one ionly considers center of pressure variation or aero-

dynamic rag respectively (refs. (1) through (4)). However, if a

body is equired to achieve large lateral acceleration, axisymmetric

configur tions must sustain a large angle of attack, or maintain a

'Very higl velocity in order to compensate for their low lift effec-

tiieness Both of these alternatives lead to rather substantial

increase in convective heat tr2'nsfer. Furthermore, the possibility

offsusta ning rather large angles of attack irmmediately .confronts

t h.e desi ner with the fact that there will be regions of separated

flow on he leeward side of the cone.

It is the purpose of this investigation to provide some funda-

Mental data concerning the aerothermodynam!c properties of the flow

fiel&d around highly inclined bodies of rewolution at hypersonic

speeds. One specific objective of this study is to provide some

Sexperimeottal force, heat transfer and pressure data at a hypersonic

-Mach number wher, a substantial portion of the model is surrounded

by alturbutlent boundary layer. An additional objective of the

pree nt irve--ti::ation Is to provide some data on axisymmetric bodies

t ! -



NOLTU I3-

which provide higher lift to drag ratios at hypersonic speeds than

cirzzular conical bodies.

I
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1. Test Facility

The present investigation was conducted in the Hypersonic

Tunnel at the Naval Ordnance Laboratory at a nominal Mach number

of 6. A two-dimensional contoured nozzle was used during this

investigation. Dry air, the test gas, if compressed and stored in

a bottle field. Before passing into the tunnel, thie gas is heated

in a pebble bed heater to a temperature large enough to prevent

condensation. The wind tunnel is an open Jet blowdown facility

which at stagnation pressures below 40 atmospheres exhausts

through a fixed diffuser and an aftercooler into a compressor-

driven exhaust system. At supply pressures above 40 atmospheres,

the air is exhausted into the atmosphere after passing through the

diffuser and a silencer. Testing time varies from approximately

two minutes at supply pressures of 100 atmospheres to continuous

operation at supply pressures of 10 atmospberes. A complete

description of the capabilities and the instrumentation of this

lacility is given iii reference (5).

During these experiments, all of the models were supported

with a simple sting which passes through the base of the model.

The entire model support assembly is attached to a sector at the

bAse of the sting. The sector is capable of continuously pitching

a inodel through a total angle of attack range of 75 degrees. The

angle of attack was determined from the output of a servo-driven

potentiometer that was driven by the sector.

3
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2. Models and Instrumentation

a. Pressure and Heat Trai-afer Experiments

the Iwo m i win entical overali dimensions were used to obtain i
the cone pressure and heat tranq'P-' dtat (A " / --.0 Ofl

c - ' "n' -b

L - 13.967 inches). The pressure model was fabricated from stainless

steel and had a nominal wall thickness of 0.063 inches. A sketch is

given in figure 1. Tl~e locations of the pressure orifices are tabu-

lated in figure 1. At two stations on the pressure model four

orifices were circumferentially distributed 90 degrees from each

other in order to provide a means of checking for proper alignment

Vi•th the flow. With the exception of the alignment orifices, all

'of the pressure taps were equally spaced along two conical rays

180 degrees apart. The diameter of the orifices for the first

three pressure taps along each ray was 0.027 inches. The remainder

of the orificea were 0.047 inches in diameter. Each orifice was

connected to an absolute pressure transducer by a length of stainless

steel tubing. During the experiments that were conducted at supply

pressures of 10 atmospheres (Re!/ft - 2.4 x 10 ) 15 psia strain gage

pressure transducers were employed with the pressure orifices on the

windward side and 5 psia strain gage pressure transducars were

employed with the pressure orifices on the leeward side. For the

6
100 atmosphere test conditions (Re,/ft - 21 x 10 ), 100 psia strain

gage pressure transducers were employed for the wiadward measurements

and 5 psi& transducers were employed for the leeward measurements. The

pressure transducers were housed in sealed water cooled containers in

the test cell, These containers allow for the simultaneous calibration

of up to 96 pjressure transducers (re£. (6)),

4
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Preat transfer measurements were made #,..th a miairnless steel

S5JAu5saLUd cunicai neat transter model whose

Soutside dlmensionm were the same as those of tho jmrs*aji,,• -- •--

The wall thickness was machined to a nominal value of 0.020 inches.

The actual wall thickness at each station which was used in the

Sdata reductiov was measured by X-ray techniques and is tabulated

in Table I. Chromel-Alumal thermocouple wire with a nominal

diameter of 0.005 inch was used to instrument the thin wall

model. The locations of the 'Lhermocouples and the station where

the alignment orifices were positioned are noted in figure 1.

b. Static Force and Moments Experiments

Static force measurements were obtained with four different

configurations. Sketches of the models used during this program

are shown in figures 2 through 5. All of these measurements were

obtained with internal water cooled strain gage balances.

The configuration designated 6FN has the same exterior dimen-

sions as the slightly blunted conical pressure and heat transfer $
models discussed previously. (8c - 5, Rn/Rb - n:025, L - 13.967 in.)

A slightly blunted body of revolution whose radius (beyond the

juncture of the hemispherical nose tip and the atterbody) varies

as the axial distance to the 2/3 power was fabricated from stain-

less steel. This configuration will be referred to as 6FX-1 and

is shown in figure 3. At the juncture of the spherical tip with

the 2/3 power law afterbocly, the radius and slope of the body were

continuous. Tht fineness ratio and nose to base radius ratio of

this configuration were 5.61 and 0.025 respectively. 1.
5

A4-



NOLTR 63-52

Two ducted cone force models were also built to investigate

Mthe possibility of substantially increasing the lift to drag ratio

l I ii
I6FX-2-1 and 6FX-2-2, are shown in figures 4 and 5, respectively.

The conical tip and cowl leading edges on each of these configura-

tions was less than 0.005 inch thick. The inner surface of the

duct on configuration 6FX-2-1 was tapered while the inner surface

of the duct on configuration 6FX-2-2 was cylindrical. On each

of theme configurations, there were four struts which fastened

the duct to the center-body. Holes were drilled in the struts

to equalize the surface pressure in an attempt to minimize the

lift contribution of the struts. The base of each strut was

flat.

For all the above mentioned c mfigurations normal force,

pitching moment, side force, yawing moment and axial force coefficients

were measured with multicomponent internal balances. The output

of these balances was recorded and stored on magnetic tape.

cS Data Acquisition System

All of the pressure, beat transfer and force data obtained

during the experiments were recorded on magnetic tapn. The analog-

digital data recording system in the Hypersonic Tunnel at NOL is

fully described in reference (7). The system features a 12 channel

capability with a data sampling rate of approximately 250 pieces

of data per second. During normal usage ten channels are available

$or recording experimental data and two channels are employed to

record supply temperature and supply pressure. A multiplexing

6
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capability of the system allows one to place more than one trans-

ducer on each channel. Advantage was taken of this feature during

the heat transfer and pressure experiments. I
j. I= Q 'WA I WF i 4-£~ 43VaLAM IA~

In order to obtain some information concerning the flow field

upon the leeward side of a slender cone three different techviques

were employed.

1. Optical flow visualization methods:

Schlieren photographs were taken during the pressure, heat

transfer, and force experiments. The schlieren system of the

Hypersonic Tunnel is a conventional single pass system. A contin-

uous light source (mercury arc lamp) provided the necessary

illuainvtion for the schlieren photographs. The knife edge in

the schlieren system was horizontal for these experiments.

2. Pitot Tube Survey:

Pitot tube surveys were conducted in the leeward meridian

plane of the cone by traversing a Pitot tube in the vertical centw-

plane of the wind tunnel. The Pitot tube was aligned with the

flow direction in the undisturbed free stream. The position of

the probe and the Pitot pressure were determined from the outputs

of a geared potentiometer and an absolute pressure tra-nducer

respectively. The inlet of the Pitot tube was circular and had 9
an outside diameter of 0.063 inches.

3. Oil Flow Studies:

In order to obtain some information relating to the local

flow direction near the surface of the cone, some oil flow expert-

ments were made. A mixture of lamp black and silicone oil was

7i
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applied to the model at random points. Three protractors were

f I built in order to make angular measurements of the separation

point at three different stations.

EXPERIMENTAL PROCEDURE

The investigation wasn conducted with a wind tunnel nozzle

designed to provide a uniform flow at Macb 6. The actual Mach

number within tie tent section depends upon the supply conditions.

Average free stream conditions are tabulated below:

Mach Stagnation Stagnation
Number Reynolds Number/Ft Pressure Temperature

5.93 2.4 x 106 147 psia 960OR

5.96 4.4 x 106 294 paia 1000'R

6.00 2.1 x 107 1470 psia 0l0O'R

The MAch number varies by less than +0.04 from the average

value within the test section. Free stream stagnation conditions

were measured in the settling chamber upstream of the nozzle throat.

Stagnation pressure was measured with an absolute strain gage

pressure transducer. Stagnation temperature was mcaoured with a

shielded thermocouple. The voltage outputs of these instruments

were recorded on magrnetic tape during the experiments and the test

conditions were determined at each instant of time. At the given

Mach number, free stream conditions were obtained from the measurod

Stagnation conditions by assuming that the gas expands i3entropically

from the stagnation chamber conditions. Stagnation pressure was

controlled during the tests by a tunnel operator who monitored

the stagnation pressure from a Bovrdon gage.

8
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A brief outline of the test program is given In the table below: f
Nominal Angle

F xen/rt Remarks

-~ 000

00,200,300,450,540 6.00 21 x 106 0° tlS0°

2. Heat 00,15'1,300,540 5.93 2.4 x 106 00t1s80o
Transfer - 15°

TwITo -

0°,200,300,4,50,540 6.00 21 X 106 //lZ1
T/ - 0.5

T0.3

3. Force 00 - 540 5.96 4.4 x 106 Config. 6FN

6
00 - 540 6.00 21 x 10 Config. 613

00 - 540 6.00 21 x 106 Config. 6,1-1

00 - 150 6.00 21 x 106 Config. 611-2-1

00 - 150 6.00 21 x 106 Config. 61X-2-2

6
4. Flow 10011500200,300# 5.93 2.4 x 10 Oil Flow
Visualization 400 Experisents

5. Pitot 150,300,450 5.93 2.4 x 10 Leward eri-
"Survey dian Plane

1. Pressure Experiments

The pzessure measurements were obtained by first pitching the

model to the desired angle of attack and then rolling the model

about its axis of symmetry in order to obtain the pressure distri-

bution in the circumferential direction. The output o1 pressure

transducers connected with one windward and one leeward presmute tap

9[
0I
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AA

respectively, were monitored on an X-Y plotter to minimize the

pressure response time errors. All of the outputs from the pressure

1 xransoucers were recoraea on magnetic tape ana comparer with toe

"calibration obtained for each test.

2. Heat Transfer Experiments

Beat transfer coefficients were obtained by recording the

temperature time variation of the thin wall heat transfer isode! and

reducing the data in the manner descr3,id in ref. (8). Initially

the model was pitched to the angle of attack required for the test

and then covered with a retractabla cooling shield. The model was

cooled by spraying liquid nitrogen over its surface until the model

temperature reached some predetermined level. Data at two initial

average wall to total temperature ratios(r,/T6- 0.35 & 0.55) were

obtained in this manner during the high Reynoldu number experiments

(3 - 6 Re./ft - 21 x 1d), while data at one av-rage wall tempera-

ture ratio (T./To 0.55) were obtained during the low Reynolds

6
number experiments (M. - 5.93 Re./ft - 2.4 x 10 ). Once the desired

wall temperature was reached and while the model was still covered

by the shel1d, the flow was established in the wind tunnel. The

cooling shield was retracted after the steady flow was established

at the desired supply pressure. Approximately 0.5 seconds were

required for the shield to clear the model when the model was

inclined at an angle of attack of 54 degrees.

Heat tranafer coefficients were calculated by assuming that the

convective heat transfer locally Increases the body temperature and

that the effects of conduction along and normal to ihe skin could

10



be neglected. A simple teat balance relating the convective beat

transfer with tile heat capacity of the solid thpn 1i•÷•+a•

following ordinary differential equation.
F d dTw

P w C w dl1 -- " -h ( I w - (d)

In order to facilitate the data reduction, this equation was

integrated with the assumptions that the specific beat varieslinearly with the temperature Cw W Cwo FI + T', the equilibrium1

temperatur! Te is the total temperature T and that h is indepen-

dent of the temperature.

The result obtained is:

PwCwd T dh

(2)
The values of Cw and c for each interval of time were determined

0
curve fits to availablemeasurements of the specific beat of 17-:PH

stainless steel. These expressions for the specific heat (5rU/lbOR)

are shown below:

Tc56001 Cw - 0.0383G + 0.05773 - I] 0.03161 - I

T>560 0 R C - 0.1043 + 0.00002 T

Heat transfer coefficients were calculated from eq. (2) for

several increments of time from the measured temperature variatiion.

No conduction corrections have been made to the measured data that

are presented. The errors introduced by conduction are discussed

in the appendix of this report.

11
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3. Oil Flow Experiments

before the teot. The cooling shield used for the heat transfer 'I
experimetits was lowered over the model to prevent the oil pattern

from being disturbed while steady flow was established within the I

tannt.1. These tests were conducted at a Mach number of 5.93 and

at average free stream Reynolds numbers based upon model length

of 2.7 x 10 6. Once flow was established the shield was withdrawn

from the model for approximately 30 seconds. After the oil flow

pattern was established, the shield was placed over the model pri.r

to tunnel shutdown. The pattern w*s examined after each test and

angular measurements of separation lines were made at three

stations located 5.7, 8.5, and 11.4 inches from the tip. The

angular measurements are estimated to be accurate to within + 5*.

4. Pitot Tube Surse

Pitot tube surveys were conducted in the most leeward meridian plane

of an inclined slightly blunted slender cone (bc a, 5, Rn/Rb - 0.025)

at a Mach number - 5.93 and at average free stream Reynolds number

per foot - 2.4 x 10'6. These surveys were obtained while the model

was inclined at angles of at.ack of 15", 300 and 45*. The probe

was traversed perpendicular to the free stream flow direction. The

distance of the tip of the Pitot tube frem the tip of the cone is

tabulated below for each angle of attack.

Distance from
0 cone tip

159 7-5/16"

300 7-1/16"

i5s 7-1/16"

12
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The output oif tbv Wiotentlometer which Indicated the 3.1iear

displacement of he probe and the output of the pressure transducers

which |aeasured the Pitot pressure were monitored on an x-y recorder ,-U

aid rtncurded by 'rhe data acqulsition system on magnetic tape. The

model that was used to obtain the surface pressure distributions

was also used during the Pitot tube suiveys. The pressure model

was aligned so that one row of pressure orificeB was in the leeward

meridian plane. These pressures were also recorded during the

survey. The orifice just upstream of where the Pitot tube touched

the cone, varied by less than 5 percent during the surveys. One

Pitot tube was used for all of the surveys.

5. Force and Moment Erperiments

The force experiments were conducted with four different

configurations. Average test conditions for each configuration

are tobulated below:

Configuration M, ReL

6FN 6.00 2.5 x 106
6FN 5.96 5.2 x 106

6FX-J1 6.00 25 x 106

6FX.-2-1 6.00 30 x 16

6FX-2-2 6.00 29 x 10"

Force data were obtainad from the output of calibrated siult--

component strain gage balances. The output of the balance was

continuously recorded while the model wa& pitched through a ,specified

angle of attack variation. A tare run was conducted for each test

to account for the effects of the weight of the model. The balances

were calibrated by statically loading the balance with weights at

13
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diffeient stations In the mannev' descrihed In rýtiercnce(9). The

experlmental uncertainties in the normal force coefficient, axial

tr. anti A-+= =rtF t~--zc Uccw

Configuration ACN AC -NA A

Cone - 6FN +0.02 +0,006 +0.005

2/3 Powger Law - 6FX-1 +0.02 +0.006 +O.O5

Ducted Cone - 6FX-2-1 +0.04 +0.010 +0.010

Dacted Cone - 6FX-2-2 +0.04 +0.010 +0.010

The balances were calibrated to account for the deflection

induced by the normal loads. The measured angle of attack was

corrected to account for this deflection. The maximum uncertainty

associated with the angle of attack measurements is estimated to

be 40.30*. Base pressures were measured behind the cone and 2/3

power law body by running 1/8" O.D. st.inless steel tubing along

the sting to the base of the model.

SThe presented drag data includes base pressure drag.

RrSULTS AND DISCUSSION

1. Pressure measuremonts and oil flow experiments

The measured surface pressure distributions on a slightly blunted

r 6
inclined cone for the two test conditions M, M 5.93, Re 2.8 x 10

i and M. - 6.00 Re.L -25 x 106 are presented in figures 7-19. The

pressure distributions along different conical generators are shovrn in

figures 7-15 while the circumferential pressure distribution at a station

4 inches from the tip in shown in figures 16-19. The circumferential

o ats are compared with the results of calculations based upon Newtonian

flow theory. These Newtonian calculations were obtained from the formula

14
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Pc i-1 + r•0 Cs• Sinec + Sinm Cos@ Co.s 2(3)

The Newtonian theory predicts the measured pressure distribution

to within 10 percent on the windward side of the cone for P < 600.

The agreement between the measured surface pressure distribution on

the windward side of an inclined cone in a hypersonic flow and the

Newtonian theory has been observed previously by several investigators

(references (10)-(12)). It is noted in figures 7-15 that the

pressure distribution along the windward generators shows virtually

no dependence upon the distance from the tip of the cone. The

invariance of the pressure distribution with respect to distance

would certainly be the case if the flow were conical.

In the leeward meridian plane, it is observed that the surface

pressure distribution varies with Reynolds number (figures 20-22).

One explanation for this observation is that the variation of pres-

sure on the leeward side of the cone is associated with a weak

interaction between the inviscid flow and viscous flow in a fashion

similar to that which occurs on sharp flat plates, wedges and cones.

It is also noted that a minimum in the circumferential static

pressure distributions occurs at an azimuthal k-ngle of approximately

125 degrees for both the high and low Reynolds number data (figures

17 and 19). Angular measurements, which were obtained during the

low Reynolds number oil flow pattern experiments (figures 23 and

24) iadicated that flow separation occurs at approximately 135

degrees (figure 25).

;5
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To within the accuracy of the present data (+50), flow separation

appears to occur along a conical generator. The appearance of a

!!I Mr%+-.4",n 1i4n _^A' _44MS __4-!l!~

tent with the data presented by Avduesky and Medvedev (ref. (13)) and

Tracy (ref. (11).

In addition to measuring a separation line at approximately 1350,

a second separation line was found near the leeward meridian plane at

angles of attack below 200 (figures 24 and 25). The oil dots in the

region between these two separation lines remained essentially undis-

turbed. During the oil flow experiments performed at angles of

attack of 300 and 400 all the dots of oil remained stationary beyond

1350. The shear which disturbed the oil dots near the leeward

meridian plane at moderate angles of attack is associated with a

locally attached flow.. Additional efiects associated with this ilow

can be found in the heat transfer data, the Pitot tube surveys and

the schlieren pictures to be presented in subsequent sections.

2. Heat Transfer Experiments

The heat transfer data are presented in figures 26-36. For

convenience, the measured duta have been nondimensionalizad by

properties in the undisturbed free stream.

a, Zero Angle of Attack Heat Transfer Distribution

The measured hent transfer distribution along the surface of

the unyawed cone are presevted in figure 26 along with calculations

basud upon the results presented in reference (14) for the laminar

heat transfer distribution along sharp cones at zero angle of attack.

Inspection oZ the zero angle of attack heat transfer dati'

indicates that boundary layer transition occurs over a range of

i •* 16
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10 x 10 to 14 x 106. The calculated variation of local Ryvn"-l•Id

numbers based upon momentum thicknesu and distance from the tip

are presented in figures 27 aid 28 for the conditions corresponding

* to the larger ratio of wall temperature to stagnation temperature.

The calculated local Mach uumber distzibutions are shown in ficur; 29.

These results were obtained from calculations of the laminar

boundary layer growth on a slightly blunted cone by the Momentum

Integral technique as described by R. E. Wilson in reference (16).

At zero angle of attack, the calculated local conditions at which

transition occurs are tabulated below:

6
10 x 10 < Re < 14 x 10 6

4.45 < Ile < 4.75

5.4 x 106 < Re < 9.5 x 106

950 < Re, < 1250

For these test conditions, the effects of wall temperature

introduced changes no greater than 4 percent in the calculated

properties. Furthermore, the present vw.riation of wall temperature

did not Introduce any large changes in the location of the region

where boundary layer transition occurs at zero angle of attack.

b. Heat Transfer DWstribution on the Inclined Cone

Data which is representative of measurements obtained with a

slender slightly blunted cone inclined at large angles of attack

are presented in figures 30-36. The data obtained aloet the most

windward streamline of the cone are presented in figures 30 and 31.

17
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The laminar heat transfer along this streamline is compared with

the results of an analysis by Reshotka and Beckwith (ref. (15)). In

"" rewerence (15). the laminar heat transfer coefficient along the wind-

This result can be put in the following form from which t4e laminar

inclined cone may be calculated:

0•-•-0707(8w)prj.O x•O54 T-T #•• du s&nU_ -

where S - 1 + y&d[Cos sio% + si O. cose

w Pr-11
Thiresl qantit ()put in th followiong formfrom which temerlaminre

the free stream Mach numberr alnd the angle of yaw of the most win d-

ward streamline. This parameter was obtained from calculations of

SIReshotko and Beclcwith (ref. (15)) of the laminar flow over a yawed

i nfinite cylinder,

Z The local Mach number, which is needed to calculate the7 ,ýT - -Tw P

dimensionles temperature ratio, -, was determined from

M-0 0 w- o

D 18
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the Newtonian expression for the surface pressure and the

measured shock wave inclination with respect to the free stream.

Fur Lhe angles or attack at which these experiments were conducted,

boundary layer transition along the most windi.,ard streamline occurred

closer to the tip when the model was inclined at an angle of attack

then it did when it was at zero angle of attack. At angles of attack

greater than 300, boundary layer transition occurred at a Reynolds

number based upon free strea-a conditions of approximately 2 x 106.

At the present time, not enough data has been obtained to

demonstrate conclusively the effects of wall temperature and free

stream unit Reynolds number upon boundary layer transition on a

highlI inclined cone. The present data do appear to indicate that

cooling the wall tends to stabilize the laminar boundary layer

(figures 30 and 31). This is evidenced in the data obtained at 200

and 30° angle of attack. At an angle of attack of 200, the free

stream transition Reynolds number increased from approximately

'x 106 to 4 x 106 when the ratio of wall to stagnation temperature

iwaa decreased from 0.62 to 0.35. The data obtained at an angle of

attack of 300 indicate agreement with laminar calculations of the

,heat transfer rate at a wall to stagnation temperature ratio of

60.33 and a free stream Reynolds number of 1.6 x 10. The data point

obtained at an angle of attack of 300 and at an average wall tempera-

ture of 0.57 is about 50 percent greater than that obtained at this

angle of attack at the lower wall temperature ratio.

An attemrt was made to correlate the measured turbulent heat

transfer distribution by fairing a curve of the form St Ret" - constant
U

19
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through the data for each test condition. The curves obtained for

L each test condition are shown in figures 30 and 31 and the constants

[ • are tabulated below.

Curve ( rw/T° S

12 C 0.32 0.101
20 0.60 0.089
30 0.30 0.134
30 0.57 0.119
45 0.33 0.159
45 0.62 0.151
.54 U,.37 0.148
54 0.66 0.147

The circumferential beat transfer distributions at four stations

along the cone are shown in figures 32-36. The measured Stanton

numbers have been normalized by the stagnation streamline Stanton

number (at the given Reynolds number) as calculated from the results

presented in references (14) and (15). The data presented in figures

32, 33, and 34 were obtained at angles of attack of 150, 300, and 540,

respectively at a free stream Mach number of 5.93 and an average

6
stream Reynolds number per foot of 2.49 x 10 For these conditions,

transition did not occur on the windward streamline within the

interval where the measurements were made, The data presented in

f, gures 35 ard 36 were obtained at angles of attack of 200 and 540,

respectively, at a free stream Mach number of 6.00 and at an average

free stream Reynolds number per foot of 20.2 x 106. The measured

J circumferential data for these conditions have also been normalized

by the stagnation streamline Stanton number which one would calculate

by assuming that the flow was laminar (reference (15)).

In comparing these results several features are readily apparent:

20
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(1) With the exception of the data obtained at an angle of

a[•d•iri bu tin ifigure ijo, all or the clrcumferential heat transfer

distributions obtained Show SL lon.al ma.virnsu .141n fhgo catstan"Il-

ntreamline. The heat transfer data obtained at an angle of attack I m
of 200 (Rea/ft - 21 x 106) indicate that at the first three stations

(x < 2.50), a local maximum in the heat transfer distribution occurs

between 150 and 300 from the windward meridian. At stations further

downstream (x > 6.25) a local maximum was measured along the windward

meridian.

One plausible explanation for these results is that for , given

angle of attack, transition occurs closer to the tip along generators

that are further displaced from the windward genera'-or. Consequently,

the flow along the windward streamline might well be laminar while the

flow at the same axial location but at a different azimuthal station

will be turbilent. However, when the flow at a given axial station

was either completely laminar or completely turbulent, a local

maximum was measured along the windward generator.

(2) In addition to the observations concerning the nature of

the heat transfer on the windward streamline, it was generally noted

(figures 32-36) that the heat transfer distributions reached their

lowest values at approximately 120-1350 from the wiLdward meridian

plane. At angles of attack equal to or larger than 300, (figures

33, 34 and 36) the variation in the circumferential heat transfer

distribution beyond 1350 from the windward meridian was negligible.

At angles of attack less than 300 (figures 32 and 35), the heat

transfer distributions show both a local minimum anl a local maxi-

mum on the leeward side.

21

-I. i-



NULTlt 68-52

SFlow seiaration on the leeward side of the inclined cone is one

7;• uechrnism that could provide an explanation for these observations.

As noted in a previous section, surface oil flow studies provide some

inrormation concerning tne extent ox tne separatea riow rieia upon

the leeward side of the cobz. The measvrement of a minimum in the

heat transfer distribution between 1200 and 1:50 is ccrnsistent with

I the observation of flow separation at approximately 1350. The

increase of heat transfer near the leeward meridian plane at angles

of attack of 150 and 200 can be attributed to the fact that there

is a region of attached flow on the leeward side near the plane of

symmetry. The oil flow studies indicated that this region extends

approximately O0-150 from the leeward meridian plane. The appearance

of heat transfer distributions in the plane of symmetry on the

leeward side of an inclined cone which are characterized by a local

maximum in the azimuthal direction is consistent with the results

obtained by Tracey (reference (11)) and Fitch, Morris and Dunkin

(reference (17)), with slender cones at angles of attack between

100 and 240.

3. Flow Field Surveys and Flow Visualization

In addition to the pressure and heat transfer measurements,

a limited series of Pitot tube surveys were obtained in the most

leeward meridian plane of the slightly blunted cone. These measure-

meuts were obtained at a Mach number of 5.93 and at an average free

1 6stream Reynolds number per foot of 2.4 x 10 The results of these

measurements are presented in figures 37-39. (The probe Jistance

Sthat is referred to in these results is the distance between the

• surface and the bottom of the Pitot tube.)

22
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Analysis of the Pitot. surveys along with schlieren p )tograph_

the density gradient while the Pitot probe measurement varies approxi-r 2mately directly with pu at Mach numbers above 2. The schlieren

pictures, presented in figures 40 and 41 were obtained during the

Pitot traverses while the model was at 150 and 300 angle of attack.

The schlieren pictures presented in figures 42 and 43 were obtained

during the high Reynolds number force experiments when the model was

at 16.20 and 27.50 angle of attack. The variation of the sensitivity

of schlieren system with the change of density within the tesst

section is apparent.

Three regions between the shock wave and the leeward surface

of the cone can be disting\wished in the schlieren photographs and the

ritot tube surveys. The large gradients in the Pitot pressure

survey occur A approximately the same position as the density

gradients that were observed in schlieren photographs. These results

indicate that large density gradients exist in the le ward meridian

plane, Without a total temperature distribution, it is difficult

to determine solely from the Pitot tube surveys whether these

gradients are due to viscous or inviscid phenomena associated with

the flow around an inclined cone.

The concurrent examination of schlieren photographs and Pitot

surveys also provides some useful information concerning the flow

field near the body on the leeward side of the cone. In schlieren [
photographs that were obtained at angles uf attack less than 250

(Re,/ft ý 21 x 106) a region was noheed near the base of the cone

(see figure 42) which appears like a Prandtl-Meyer expansion fan

231
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that one observes on flat based bodies in a sup rsoni flow. The

angle of attack of 15' indicates a Pitot pres,'-re of approximately

4 times as large as the static surfaroe pressure when the probe was

touching the surface. At angles of attack larger than 250 the

Prandtl-Meyer like expansion fan on the leeward side was no longer

observable in the schlieren photographs (figure 43). Furthermore,

in the Pitot tube surveys conducted at angles of attack of 300 and

450 (figures 38 and 39), the measured Pitot pressure differed by

less than 10 percent from the measured static pressure at the

surface of the cone. These results in conjunction with the heat

transfer and oil experiments are indicative of the fact that there

is a region of attached energetic flow near the leeward meridian

plane of a slender cone inclined at a moderate angle of attack

(• < 250).

4. Static Force and Moment Measurements

The data obtained during the force experiments are presented

in figures 44-53.

a. Configuration 6FN - Slightly blunted cone (ec 50

Rn/RA - 0.025, L - 13.967 inches)
nb

In figure 44, the measured normal and axial force coefficients

for an inclined slender cone are presented and compared with

calculations based upon Newtonian theory. The calculations were

obtaiued from the results tabulated in referenct, (18). These

calculations were obtained by assuming that in regioos exposed to

the incident flow, the surface pressure di.tribution is given by

the relationship C- 2Cos 21 (where ij is the angle between the

24



incident free streami and the normal to 1:he bodyv surface). In these.

calculations, the surface pressure is assumed to be tie free stream

static pressure in regions thai were Thjielded from tbe incident flow.

In addition to comparing the measured normal arid axial force 3

coefficients with numerical calculations based upon Newtoniinn theory,

the meas'urements are compared with some previous expcirimental data

(reference (19)) obtained with a sharp 50 half angle cone at a Mach

number of (.9 and a Reynolds number based upon model length of 2.3 x

10 . The ax'reeinent between the ,,easured normal force coeffiicients

and the Newtonian theory is quite good.

In order to assess the comparison betwecn the present axial

force coefficient measurements with those presented in reference (19),

one saould note that the total axial force coefficient is:

CA - CA + C + CSkin AFore ABaxi
Friction Body

The present data include all three contributions to CA, whereas

the data of reference (19) include ouly the first two terms. By

calculating the contribution of the base to the axial force coefficient

from the measured base pressure shown in figure 45, it can be shown

that the discrepancy apparent in tho axial force weasurements in

figure 44 is due primartly to the contribution of CA
Base

A calculation was made in order to assess the contributions

of skin frictiou drag, pressure draiv, and base pressure daag to the

total drag coefficiont at zero anglo of attack. Pressure drag and

skin friction drag of a slightly blunted cone at zero ankle of

attack were calculated using the Momentum Integral mathod derscribed

25
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t,. .; : in reference (1.,). rh nas prpmnrp tiPN wou e,,tarvn.l dr- fvr-er 4t1-,

measured base pressurp. The contributions of each ol those component,

are tabulated below along with the measurcd drag coefficient at zero

angle of attack. (Re.tr is the free-stream Reynolds number at which

transition is assumed to occur in the calculations.)

CASE I II III IV

P0  294 psia 294 psia 1470 psia 1470 psia

6 6 6 (3(
R6,L 5x0 5XI06 25.,106 25xl06

Re ,tr 3.5xlO6  6x106 10x10 6

(CAIC)CD (Casc) 0.023 0.023 0.022 0.022Pressure

C D 0.008 O.016 0.014 0.013S-kin,

Friction

C(Measurod) 0.032 .0.032 0.036 0.036
DBae

Pro essure

CDpre 'u+CD +CDas 0.063 0.071 0.072 0.071
Prssure Skin Bs

Friction Press.

CD 0.073+ 0.073+ 0.079+ 0.079+
Measured 0.006f- 0.006"' 0.006- 0.006-

In view of the experimental rncertainty, the agreement between

the measurements and the calculations is considered to be satisfactory.

26
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Lift aid drag data are presented in figure 46. A maximum lift
"•o L .• "+4^ -4 O.A ..... ........ "4zu ..... anl angle of aT:gtV ,•

of ].0 degrees, A maximum lift coefficient of 1.88 was measured at

angle of attack of 48°. For these test conditions; the effects of the

variation of Reynolds number are negligible.

The measured center of pressure locations for the conical

configuration and t1he three other configurations to be discussed

later are presented in figure 47. It has been observed previously

(references (3) and (4)) that sharp circular cones have a minimal

variation of the center of pressure. This invarlance of the --enter

of pressure is associated with the conical nature of the inviscid

flow field around a circular cone. The location of the center of

pressure of an inclined sharp circular cone in an ideal gas is given

by the relation X*.P 2 as long as the shock wave is attached,

the flow is locally supersonic and viscous effects do not alter the

pressure distribution or introduce appreciable shearing moments.

At large angles of attack, the measured center of pressure location

of tbe r-lightly blunted cone lies ahead of the theoretical value

for a sharp uircular of the same length. In the results of

reference (20), it was noted that the center of pressure location

of slightly blunted cones at large angles of attack can be adequately

estimated by the following equation:
Cos 3 3

3Cos / n- ( o 2 J le b C
S. ¢~ ~ ,- W)oan ,--• c)

b c

27

) "u



NOLTR 638-52

In figure 47 one observes excellent agreement between this

Sb. 2/3 Power law body (Hn/tb - 0.025, Fineness ratio - 5.61)

" • Force measurements were obtained with a slightly blunted 2/3

' • power law body at a Mach number of 6.00 and at an average free

stream Reynolds number based upon model length of 25 x 10

i Normal force and axial force coefficients are presented in

figure 48 ilong with previous experimental measurements obt-ined

with a 2/3 power law body of fineness ratio 5.55 (reference (1)) at

a Mach number of 10.03 a. a Reynolds number based upon free strea!A

A•6
conditions and the length of the model of 1.4 x 10 . Calculations

based upon Newtonian flow theory are also presented. As was noted

in the case of the slender cone, Newtonian theory adequately

predicts the ne-mal force coefficients.

The axial force coefficient at zero angle of attack was

measured to be 0.075, As in the case of the slender cone, base

drag contributes a substaiatial portion of the total drag coefficient

of a slender body at Mach 6. The difference between the measured

* axial force coefficients and the experimental data presented in

reference (1) is due primarily to the differences in the base

drag at M - 6 and M - 10.

Lift and drag are presented in figure 49. A maximum lift to

drag ratio of 2.63 was measured at angle of attack of 100 . lift

coefficient of 2.20 was measured at angle o attack of 490.

The measured center of pressure position is plotted in

figure 47 for the 2/3 power law configuration. It is noted that

over an angle of attack variation from 50 to 500 the center of
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pressure varies by approximately 2.5 percent of the body length.

U. , A.IU U CuneI Confiigurations (OrA-z- , ti')-4-2)Il
Force measurements were obtained with two dije.t~d onne nnnfiorla-

tions (fiFures 4 and 5). The center body of each configuration was

dimensionally similar. The duct of the first configuration (GFX-2-1)

wAs positioned so that a straight line drawn between the point of

maximum thickness within the duct and the vertex would coincide with

the shock wave near the tip of the cone at zero angle of attack at

MV - 6. The duct of the second configuration (6FX-2-2) was positioned

such that the lip of the duct would intersect the shock wave r, manating

from the vertex of the cone at zero angle of attack.

The experiments were conducted at a Mach number of 6.00 and at
average free stream Reynolds numbers based upon model length (distance

fre enods 16 29 i 6 fr lnt
measured from the tip) )f 30 x 10a nd 29 x 10 for configurations

6FX-2-1 and 6FX-2-2 respectively.

The measured normal force and axial force coefficients of these

configurations are presented Itn fiKures 50 and 52. (The reference

aa in all of the measured force coefficients is the maximum cross

.;ectional area of the center body.)

A fair estimation of the measured normal force coefficient of

an axisymmetric body surrounded by a thin duct in a hypersonic flow

was provided by the following result:

2A 4 LDDD 2 (6)
N A ref. + Ref.

The first term in the above expression is obtained by assuming that

a thin cylindrical shell captures all of the mass flow that is

initercepted by the frontal area projected on a plane normal to the

29
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Sfree stream. The flow is assumed to be turned through an angLe f,

assumed that the normal component of the momentum in the free stream

is transferred to the body while the tangential component of momentum

is conserved, In addition to the generation of a force due to a

momentum exchange within the body, there is also a contribution associa-

ted with the interaction between the free stream and the outer surface

of the cylindrical shell. The second term in the above expression is

"the normal force coefficient for an inclined cylindrical section as

determined from Newtonian theory (reference (21)). The above analysis

provides a useful means of estimating the normal force coefficients of

these configurations.

. The measured lift and drag data are presented in figures 51 and

53. It is noted that while the drag coefficient of these configura-

tinrs are between 2 and 3 times that of the simple bodies of

revolution described earlier, the maximum lift to drag ratios of

these configurations at Mach 6 are approximately 20 percent to

50 percent -ligher than the measured lift to drag ratio of the simple

bodies of revolution.

The measured center of pressure variation is presented in

figure 47. (This data is non-dimensionalized by the length between

the vertex of the cone and back of the duct.)

CONCLUSIONS

An experimental Investigation concerning the aerothermodynamic

characteristics of the flows around highly inclined bodies of

revolution has been conducted in a wind tunnel at a nominal Mach
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number of 6. From this investigation, the following conclusions are

made concerning hypersonic flow around inclined axisymmetric bodies: j
(1) The pressure and force measurements have verified the

adequacy of Newtonian theory for the prediction of n)rmal force

coefficients and pressure distributions on the windward surfaces

of inclined slender axisymmetric bodies at large angles of attack.

(2) The heat transfer measurements have verified the adequacy

of the theory of Reshotko and Beckwith for predicting laminar heat

transfer on the most windward side streamline of slender ',odies Inclined

at large angles of attack.

(3) The flow was found to separate on the leeward side of the

inclined cone (at an azimuthal angle of approximately 1350) in

a region where an adverse circumferential pressure gradient exists..

A region of attached flow was observed near the leeward meridian

plane of the 50 half angle cone zt angles of attack below approxi-

mately 250.

(4) The pressure distribution on the leeward side of the cone

was tound to vary with the Reynolds number based upon the distance

from the tip of the cone.

(5) A relative maximum was measured in the heat transfer

distribution on the leeward side of the cone at moderate augles

of attack.

( The measured maximum lift to drag ratio of the ducted conical

bodies was as much aP 50 percept greater than the maximum lift to

drag ratio of the simple bodies of revolution for the specific Mach

number and Reynolds numb, r conditions of the present tests. The

increase in the lift to diag ratio is realized solely because of the'I

increase in lift effectiveness of these configurations.
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TABLE I

- Wal Thickness (inches)

1.00 0.01I

1 .75 0.018 j

2.50 0.018
3.25 0.018

4.00 0.018
4.75 0.018 15.50 

0.019
6.25 

0.019
7.00 0.019
7.7, 0.019
8.50 0.01,
9.25 0.020

10.00 0,020
10.75 0.020
11.50 0.020
12.25 o0.020

3 I
'! ,I
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APPENDIX

Best Transfer Data Reduction

The heat transfer data has been determined by assuming that each

element of the model acts like a calorimeter. The temperature gradient

normal to the surface, and the heat l~ost due to tangential conduction

have thus been neglected W4ormal and longitudinal heat tranaf or are

separately considered in this appendix In order to provide a means

of estimating t~! .errors associated with these effects.o

(1) Correction for normal temperature gradient:

The heat trAnsfer data. was determined by equating the rate

at which beat is stored iwithin each element of the model with the

convective beat transfer rate to0 the surface:

-ht(T-' Te (ds) pwc '(dv)'

This equation can be readily integrated if b'p p,, ow, and

()are assumed to be Independent of temperature:

Tr e
± e

where kWP *p

d -dy/din

The measured Blot number (T) is then deteraui~ed from the
measured temperatures at two different timou and Is expressed by:

A-1
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where -AT T

2 1

Associated with the data reduction in this manner, is the

assumption that there is no temperature gradient across the thin

skin. Consequently, one assumes for a thin skin heat transfer model

that the knowledge of the distance of the thermocouples below the

surface I. not necesmary for the data, reduction. In order to assens

the accuracy of this assumption, the results of calculations of the

temperature distribution within an infinitely long this flat plate,

insulated on one surface and subjected to convective heating on the

other surface have been analyzed in a manner simillar to that presented

"in reference (22).

"Te solution for the temperature distribution within the

convectively heated plate is given in reference (23) and the results

are quoted below:

Solution: 4f 4 )C d e' A

(2)

where ,..

The above solution shows that the temperature does vary acros:

the slab of finite thickneis (d). It should also be noted that for

vanishingly xnall values of the iiot number I(hd/k) << 11 and Fourier

A-2
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numbers o id-/d) larger than approximately 1, the above expression for

the temperature distribution closely approximates that obtained by

balancing the convective heat transfer with the stored heat transfer.

(The dependence of the temperature distribution upon the divitance from

the surface disappear6 for small Blot numbers as tan(X d) *a wxn(X d)

(I d) and cos(k d 1) a 1.0.)

In order to assess the accuracy of the results obtained from

equation 1 a simple Iterative procedure was employed using the above

exact solution.

(1) A Biot numbor (hd/k) and a time increment (6L•r/d2 ) were

assumed to calculate the temperature variation with respect to time

at any point of the flat plate.

(2) The temperature Pt two Fourier r-imbers - and
d d

were than substituted into equation 1 to calCulatz the Blot number

(•- over that interval of time.

(3) The difference between (h') and (h) to the error Incurred

by neglecting the temperature gradient normal to the surface ot the

flat plate.

The results of those calculations are presented in figures

(A-1) & (A-2), in the form of calculated Biot number versus Fourier

n,imber for different increments of the Fourier number, It is noted

from these results that for Biot numbers less than 0.5, the Biot

number determined from the calorimeter assumption is independent of

the point in the surface where the measurement Is made if the tempera-

ture data obtained before a Fourier number ot approximately U.5 is

neglected. It io also noted that the error between the Biot number

detertuined from the calorimeter assumption (h'd/k) and the actual

A-•I
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Blot wiumber hod/k increases with increasing Blot number.

If one considers the first two terms i4 the infinite series

representations for the temperature distribution (equation 2) and

the tangent function, then it can be shown by considering equations

-- - - - - 2 -"' - w'aaý &vA %*

number In given by:

(L (4)

h-h' hhThe relative errors (defined an - and Introduced into

the measured beat transfer coefficients by reducing the data by the

calorimeter method (ecuation 1) and by the calorimeter method with a

correction (equation 4) are presented in figure (A-3) as a function

of the actual Blot number,

It Is noted for a thin flat plate, that the error in the beat

transfer coefficient which is introduced by assuming that each element

of the plate acts like a calorimeter Is approximately 10 percent at a

Blot number of approxtma4ly 0.3. For the present series of testes

the measured Blot numbe., did not exceed 0.10 and the maximum error

associastad with the uncorrected calorimeter approximation is estimated

to be loss than 3.5 percent,

By ppplying the single correcvion (equation 4) which accounts

for the fact that d/k 0 O the error can be reduced to lose than

3 percent for Bi < 0.5.

(2) Tangential conduction corrections:

As noted previously, the presented data has been reduced by

assuming that each element of the body surface acts like a calorimeter.

Losses associated with heat transfer by conduction ar6und or along the

model, or down the thermocouple leads have also been neglected.

A-4
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Since the rate at which heat is conducted across a solid surface

varies inversely with the cross-sectional area, the heat transfer

model was instrumented with 0.005 (inch) diameter thermocouple wire j|
I I in an attempt t. mininiv- ther-ccplG Io..r..

In order to assess the errors Introduced by heat conduction

around or along the model, an analysis similar to that presented in

reference (24) was performed for a thin conical shell subjected to

convective heat transfer on one surface and Insulated on the other.

In order to simplify the analysis, the temperature gradient normal

to the surface of the cone at each station, and any variation of wall

thickness along the cone have been neglected. A sketch illustrating

the important dimensions of the problem is shown below.

The differential equation and boundary conditions are given

below for an infinite thin conical shell which is insulated on one

side..

A -5
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The above differential equations and boundary conditioi s can

be expresied as follows.

- t k :3M .4.&*r 2%

7VC)Y 1-1-11~ -a- - -'r

Boundary conditions: (,) X o0 -- • e);ca) %o h~hhCp)

In order to obtain a solution for 0, it is assumed that 0 is

expressible as a series solution of the form:

It is assumed that

t at ?%A0 P&

After substituting the series solution into the partial differential

equation, collecting the coefficients of the same powers of •*

and equating them to zero, the following differential equations are

obtained:

~~++ (9

+ +

The initial conditions for the6e equations are given by:

(0•, :6*o 4-- (. , ') lfO ;;*

The physical interpretation of the series solution can be.

obtained from an inspection of the series of differential equations.

The first term in the series expansion represents the solution obtaiuable

A-6
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from the assumption that each element acts like a calorimeter which is

insulated with respect to all elements adjacent to it. Any variation

in the initial wall temperature distribution, or heat transfer coef-

n ................. 111 liu to Uv , uh vit temperature

gradients and therefoxe heat conduction around or along the model.

The terms associated with these temperature gradients appear an

forcing functions in the differential equations for the next term

in the series expansion. If one considers only the first two terms

in the series, the temperature distribution can be expressed as

49d. " - ?d. ? -

The heat transfer coefficient (h) referred to in the above

analysis is the actual heat transfer coefficient associated with the '
flow field. The measured heat transfer coefficient is determined

from the measured temperature varia.tion with time and van be

implicitly expressed as • •(•.,

I eee
+A Ctv c &3 (Ce 16) - - •

After some algebraic manipulation, the last two expressions can

be combined to give the following estimate of the error ia the

measured heat transfer coefficients due to tangential or lateral

beat conduction

Afe som aleri maiuain th last tw xrsin a

A-
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The fiLrst and. third ter, in the above expression are dependent upon

t;he initial temperature gradiLent and convective heat transfer g•radient.

respectively. The second term is dependent upon the variation of the

convective heat transfer gradient. and the initiJal temperature gradients.

In order to minimise the efoects of lateral heat conduction in

wind tunnel beat transfer experimentso it is desirable to obtain the

A-8
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jdata as close to the initial instant as possible. However, as noted

in the previous section, a time of approximately one Fourier number

must elapse before valid measurements can be made by the transiant

Two additional restrictions which limit the minimum time at

which the measurements can be made are the response time of samplinr

rate of the data recording system, and the time required to establish

flow around the model.

In the present series of experiments conduction errors are

introduced due to two primary factors.

(1) Some of the heat transfer measurements were obtained in

regions on the cone where large circumferential gradients in the heat

transfer coefficient occur.j

( 2 ) A n i n i tt ,l t e m p e r a t u r e g r a d i e n t i s i n t r o d u c e d o n t h e s u r f a c e

of the cone because ,seful flow was not instantaneously established

around the model. The delay in establishing useful flow is duo to

the fact that the cooling shield, which covers the model while steady

flow is established in the test section, is withdrawn at a speed of

approximately 2 ft/sec. Consequently', when the model is at the

largest angle of attack, approximately 0.5 second passes before the

tip of the cone is exposed to the incident flow. During this period

a temperature gradient Is established around the model surface due to

the differences in the amounts of convective beat transfer that each

portion of the model has experienced.

Since the thermocouples were situated &long rays that were 1800

removed from each other, it was impossible to measure the initial

circumferential Lemperature gradients. In order to obtain an

% ' 
.,
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estimate for the tangential heat conduction in the measured heat _

transfer data, it Is assumed that the presence of the cooling shield

does not alter the heat tranhsfer coefficient from its true value.

This assumption neglects the problem associated with the interaction

kbetween the shock wave from the shield and the boundary layer on the

cone. One can therefore express the error Introduced by this initial

gradient as

The quantity r, is the time rziquirod for the shield to clear the

model at each point. This time is approximated by the relationship

Substituting these results into the expression for the error

associated with tangential hiat conduction, one obtains

+ uek t SJ PJ... L -

N%" 6 A +10h YS •, ,- ••. .,,-+or. +•+..

_c__--
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It is noted thvat the relative error in transient heat transfer

measurements due to tangential heat conduction depends upon the

location on the cons, the heat transfer distribution and the time j 3
An estimate of the error associated with the measured heat

transfer rate on the most windward streamline of the cone is

presented in figure (A-4). These results were determined from

the above formula with the following assumptions,

(1) windward heat transfer distribution: ho " I1

(2) circumferential heat transfer distribution: ho 3/2

(3) constant Blot number: hd'/k - 0.1

(4) shield speed: Ve - 24 inches/sec

(5) thermal diffusivity: a. 7.2 x 10-3 (inches) 2/sec

(6) angle of attack: a - 550

(7) wall thickness (d') - 0.020 inch

For the windward streamline case considered, heat conduction in

the circumferential direction Introduced the largest contribution to
A

the conduction error. The results indicate that by taking the

measurements within 0.20 SAwonds from the establishment of flow, the

error due to tangential conduction in the windward measuroments will

be less than 10 percent at stations beyond 1.75 inches fro00 the tip,

In order to reduce the error in the data obtained at the thermocouple

located 1.00 inches from the tip it was necessary to use the data

obtained at approximately 0.10 second from the establishment oi the

flow. (Data could not be obtained any earlier than this tine mince

approximately 0.110 second elapsed between vueasurements at each

thermocouple.)

A-11
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In view of the fact that tangential conduction effects required

that the data be obtained at approximately 0.1-0,2 second from the

fl= ==Ct~1,ied2) l eiiecsasaects

with normal conduction should also be considered. The maximum

estimated relative errors associated with the windward streamline
• . [

measureuments due to normal and tangential conduction are tabulated

below:

"X h-h' h-h'- I Normal H -- Tangential
I Conduction iConduction

"1.00 +0.08 +0.21
1.75 +0.08 +0.10

2,50 +0.08 +0.06

3.25 +0.08 +.o04

6.25 40.08 +0.02

7.00 +0.08 +0.02

7.75 +0.08 +0.01

8.5o0 0.08 40.01

9.25 40.08 +0.01

10.75 +0.08 +0.01

A-12
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